Rationale: A hallmark of pulmonary tuberculosis (TB) is the formation of granulomas. However, the immune factors that drive the formation of a protective granuloma during latent TB, and the factors that drive the formation of inflammatory granulomas during active TB, are not well defined. Objectives: The objective of this study was to identify the underlying immune mechanisms involved in formation of inflammatory granulomas seen during active TB. Methods: The immune mediators involved in inflammatory granuloma formation during TB were assessed using human samples and experimental models of Mycobacterium tuberculosis infection, using molecular and immunologic techniques. Measurements and Main Results: We demonstrate that in human patients with active TB and in nonhuman primate models of M. tuberculosis infection, neutrophils producing S100 proteins are dominant within the inflammatory lung granulomas seen during active TB. Using the mouse model of TB, we demonstrate that the exacerbated lung inflammation seen as a result of neutrophilic accumulation is dependent on S100A8/A9 proteins. S100A8/A9 proteins promote neutrophil accumulation by inducing production of proinflammatory chemokines and cytokines, and influencing leukocyte trafficking. Importantly, serum levels of S100A8/ A9 proteins along with neutrophil-associated chemokines, such as keratinocyte chemoattractant, can be used as potential surrogate biomarkers to assess lung inflammation and disease severity in human TB. Conclusions: Our results thus show a major pathologic role for S100A8/A9 proteins in mediating neutrophil accumulation and inflammation associated with TB. Thus, targeting specific molecules, such as S100A8/A9 proteins, has the potential to decrease lung tissue damage without impacting protective immunity against TB.
Mycobacterium tuberculosis (Mtb), the causative agent of tuberculosis (TB), infects one-third of the world's population. Although most infected individuals develop latent TB (LTBI), 5-10% of infected individuals develop active TB (ATB). In addition, although most patients infected with LTBI remain asymptomatic, they have approximately 10% lifetime risk of developing ATB. A hallmark of pathology during TB in both humans and experimentally infected animals is the formation of granulomas in the lung (1) . Recently, we described that protective granulomas found during LTBI are associated with formation of ectopic lymphoid structures, which harbor T cells near Mtb-infected macrophages to mediate Mtb control (2) . In contrast, although large granulomas are found in the lungs during ATB, they lack ectopic lymphoid structures, and thus do not sufficiently mediate Mtb control (2) . Incidentally, extensive infiltrative patterns mediating immune pathology in the lung are associated with respiratory failure and increased mortality rates in patients with TB (3). Thus, identifying the factors that mediate formation of the inflammatory granulomas seen in ATB will allow for generation of new therapies that can treat the inflammation associated with TB.
In mouse models of Mtb infection, neutrophil accumulation is associated with increased pathology in genetically susceptible mice strains (4, 5) , and under conditions of exacerbated inflammation (6) . In addition, a neutrophil-driven human blood transcriptional signature was seen in patients with ATB (7), and neutrophils are the predominant cells infected with replicating Mtb in patients with ATB (8) . Despite the association of neutrophil accumulation with increased susceptibility to TB, the molecular signals and cellular components orchestrating neutrophil recruitment and accumulation, and the mechanisms mediating inflammation during TB remain poorly defined. In the current study, we demonstrate that in human patients with ATB and in nonhuman primate (NHP) models of Mtb infection, neutrophils producing proinflammatory S100 proteins are dominant within the inflammatory lung granulomas seen during ATB. S100A8/A9 proteins promote recruitment of neutrophils and monocytes (9) by inducing production of proinflammatory cytokines and chemokines (10) , and by influencing leukocyte trafficking (11) . Using the mouse model of TB, we demonstrate that exacerbated lung inflammation seen as a result of neutrophilic accumulation is dependent on the proinflammatory cytokine IL-17, and induction of S100A8/A9 proteins. Importantly, our data show that measurement of S100A8/A9 levels in the serum is directly associated with the extent of inflammatory lung damage and disease severity observed in human patients with ATB. Together, our study demonstrates that neutrophil accumulation is predominant within the inflammatory lesions associated with ATB, and that IL-17-dependent induction of S100 proteins is a pathway by which the pathology is mediated during TB.
METHODS Human Tissue Samples and Patient Diagnosis
Human samples were collected on approval from the Ethics Committee of the National Institute for Respiratory Diseases, KwaZulu-Natal Research Institute for TB and HIV, Durban, South Africa; National Institute for Research in Tuberculosis, Chennai, India; and The American British Cowdray Medical Center, Mexico City, Mexico. Full details are available in the online supplement.
Mtb Infection in NHP
Groups of NHP (Indian rhesus macaques) were used in this study at the Tulane National Primate Research Center, Covington, Louisiana, as previously described (2) . For LTBI, NHPs were infected with low dose of Mtb CDC1551 (200-500 CFU) by the aerosol route (2) . For ATB, NHPs were infected with high dose of Mtb CDC1551 by aerosol infection (z5,000 CFU) as previously described (2) . Full details in are in the online supplement.
Mtb Infection in Mice C57BL/6 (B6), Diversity Outbred (DO) (12) , and Ifng 2/2 mice were purchased from the Jackson Laboratory (Bar Harbor, ME). S100a9 2/2 mice (13) were obtained on the B6 background and bred at the Children's Hospital of Pittsburgh, Pittsburgh, PA. All mice were maintained and used in accordance with approved University of Pittsburgh IACUC guidelines. Mtb strain H37Rv was cultured as described previously (2) , and mice were aerosol infected with approximately 100 CFU of bacteria as described previously (14) . Full details are described in the online supplement.
Lung Cell Preparation and Flow Cytometry
Lung cell suspensions were stained with fluorochrome-labeled antibodies specific for CD11b(M1/70) and Gr1 (RB6-8C5) or isotype control antibodies (2) . Full details are in the online supplement.
Immunohistochemistry
Lung lobes were instilled with 10% neutral buffered formalin and embedded in paraffin. Lung sections were stained with hematoxylin and eosin and inflammatory features were evaluated by light microscopy (Research Histology Core, University of Pittsburgh). For immunofluorescent staining, formalin-fixed lung sections were stained as previously described (2) . Full details are in the online supplement.
In Situ Hybridization
Paraffin-embedded tissue sections were deparaffinized and in situ hybridization was performed as previously described (2) . Full details are in the online supplement.
Generation of Lung Cell Types
Lung alveolar macrophages were obtained by bronchoalveolar lavage (2) , and primary HBE cells were provided by the Tissue Core Laboratory at the University of Pittsburgh or purchased from Cambrex (Lonza, Allendale, NJ). Full details are in the online supplement. Lung neutrophils from Mtb-infected mice were isolated using a commercially kit and resulted in purity of greater than 88% (Miltenyi Biotech, Auburn, CA).
Protein Estimation by ELISA
Protein levels for cytokines and chemokines in culture supernatants, serum, or lung homogenates were measured using a mouse or human Luminex assay (Linco/Millipore, Billerica, MA). S100A8/A9 protein levels were measured in mouse lung homogenates and culture supernatants (15) and in human serum (16) by ELISA as described before.
RESULTS

S100A8/A9 Proteins Are Surrogate Biomarkers for Lung Inflammation in ATB
Granulomas harboring lymphoid structures are protective and mediate Mtb control during LTBI (2) . However, the immune mechanisms that mediate the formation of inflammatory granulomas seen during ATB are not well defined. Because neutrophil-associated transcriptional blood signature is seen in patients with ATB (7), and S100 A8 and A9 proteins comprise approximately 45% of the cytosol of neutrophils (17), we first determined if S100-producing neutrophils accumulated within lung granulomas in TB. Therefore, we characterized the presence of S100-producing neutrophils in NHPs that were experimentally infected with aerosolized Mtb in which similar to human infection, immune control results in LTBI, and the absence of immune control results in ATB (18) . We found increased expression of total lung S100A8 mRNA in NHP with ATB ( Figure 1A) , and increased accumulation of S100A8-producing neutrophils within the large inflammatory pulmonary lesions of NHPs with ATB (Figures 1B-1D ; see Figure E1A in the online supplement). In contrast, fewer S100A8-producing neutrophils were observed within smaller inflammatory lung lesions of NHPs with LTBI (Figures 1B-1D ; see Figure E1B ), and granulomas predominantly contained lymphoid follicles (2) . Increased levels of S100A8/A9 proteins have been previously associated with other inflammatory diseases, such as rheumatoid arthritis (RA) (19) . We found that human lung inflammatory lesions from patients with ATB also harbored large numbers of S100-producing neutrophils ( Figure 2A ). Importantly, significantly higher levels of S100A8/A9 proteins were detected in serum of patients with ATB, when compared with serum obtained from either patients with LTBI or healthy control subjects (HC) from a cohort in Mexico ( Figure 2B ). Consistent with previous studies (7), increased induced protein-10 (IP-10) protein levels were also detected in serum from patients with ATB ( Figure 2C ). Importantly, we show that keratinocyte chemoattractant (KC), a neutrophil-attracting chemokine, was also increased in serum from patients with ATB when compared with LTBI and HC serum ( Figure 2D ). These results were further validated in two additional cohorts of human samples obtained from South Africa (see Figures E2A-E2C ) and India (see Figures E2D-E2F ), where increased levels of S100 A8/A9, KC, and IP-10 were observed in serum from patients with ATB. In addition, although high levels of S100A8/A9 and IP-10 proteins were detected in RA patient serum ( Figures 2B and 2C ), elevated expression of KC was only detected in serum from patients with ATB and not RA, LTBI, and HC serum ( Figure 2D ). Serum S100A8/A9 protein levels in patients with ATB showed positive linear correlation with expression of serum KC levels ( Figure 2E ), numbers of neutrophils in peripheral blood ( Figure 2F ), and most importantly with the extent of lung inflammatory damage assessed by chest radiographs in patients with ATB ( Figure 2G ). These data together provide new evidence that measurement of serum S100A8/A9 proteins along with chemokines, such as KC, can potentially serve as surrogate biomarkers for assessing inflammation and disease severity during ATB.
Inflammation in a Genetically Diverse Mtb-infected Mouse Population Is Associated with Increased IL-17 and S100A8/A9 Protein Production
Recent studies suggest a correlation between neutrophil infiltration, pathology, and increased susceptibility to TB (4, 20) . Thus, using the newly available DO mouse population, which is derived from partially inbred collaborative cross strains and maintained by randomized outcrossing (12), we next addressed if genetic diversity in a mouse population would result in variable inflammatory responses after Mtb infection, and whether inflammation severity was associated with expression of IL-17 and S100A8/A9 proteins. After Mtb infection, the DO mouse population displayed considerable variability in lung inflammatory responses ( Figure 3A) , and susceptibility to Mtb infection ( Figure 3B ). In support of our recent findings (2), mice that harbored lower lung Mtb burdens contained well-organized B-cell lymphoid follicles ( Figure 3B ), and elevated levels of the cytokine IFN-g ( Figure 3C ). In contrast, mice that exhibited increased pulmonary inflammation harbored more S100A8-expressing Gr1
1 cells ( Figure 3A ) and correlated with increased expression of lung KC protein ( Figure 3D ). IL-17 is a proinflammatory cytokine (21), and we found that increased pulmonary inflammation also correlated with increased lung IL-17 protein levels in DO Mtb-infected mice ( Figure 3E ). In addition, we found that lung S100A8/A9 levels in DO mice correlated with increased inflammation observed within granulomas ( Figure  3F ). These data show that in a genetically diverse mouse population, although protection against Mtb infection correlates with formation of lymphoid structures within granulomas, Figure 1 . S100A8/A9 expression coincides with severity of inflammation in nonhuman primates (NHP) with active tuberculosis (ATB). NHPs aerosol infected with Mycobacterium tuberculosis CDC1551 exhibited either latent TB infection (LTBI) or ATB as described under METHODS. (A) mRNA expression levels of S100A8 from lung granulomatous lesions obtained from ATB and LTBI NHPs was determined by reverse transcriptase polymerase chain reaction and expression relative to glyceraldehyde phosphate dehydrogenase (GAPDH) expression shown. (B) The inflammation score was determined by a pathologist as mild, moderate, or severe and degree of inflammation annotated as inflammatory score was scored from 1 to 4 (with 4 reflecting maximum pathology) for each NHP sample described. (C) Formalin-fixed paraffin embedded lungs from ATB and LTBI were stained with hematoxylin and eosin or with antibodies specific for S100A8 (red) and MPO (green) and the number of S100A8 1 neutrophils counted. (D) A representative image from ATB and LTBI sample is shown (left, 3100 original magnification; right, 3200 original magnification). Staining from an individual NHP shown. The data points represent the mean (6SD) of values from 4-7 NHPs (A-C). *P < 0.05, ***P < 0.0005.
increased production of IL-17 and S100A8/A9 protein levels correlates with exacerbated inflammatory granulomas.
IL-17 Overexpression Induces S100A8/A9 Protein and Lung Inflammation during TB
Our data show that increased IL-17 and S100A8/A9 protein production in genetically diverse Mtb-infected mice correlates with increased pulmonary inflammation. Thus, we next addressed if IL-17 was the primary inducer of S100A8/A9 in mediating neutrophilic accumulation and inflammation during TB. IFN-g is a negative regulator of IL-17 during mycobacterial infections (22) . Thus, mice deficient in the cytokine IFN-g (Ifng 2/2 ) produce increased IL-17 levels that coincide with increased neutrophil accumulation and exacerbated lung inflammation (6) . Accordingly, we found Mtb-infected Ifng 2/2 mice expressed increased levels of lung IL-17 (see Figure E3A ), granulocyte colony-stimulating factor (G-CSF), and KC (see Figures E3B and E3C ). In contrast, expression of IFN-g-inducible chemokines, such as IFN-g, IP-10, and regulated upon activation normal, was decreased in Ifng
Mtb-infected lungs (see Figures E3D and E3E) . Furthermore, lungs of Ifng 2/2 Mtb-infected mice formed large inflammatory lesions (see Figure E3F ) and harbored higher bacterial burden (see Figure  E3G ). To formally prove that the exacerbated inflammation in Ifng 2/2 mice was IL-17 dependent, we neutralized IL-17 in Ifng
Mtb-infected mice and found decreased lung G-CSF and KC levels ( Figure 4A ), impaired neutrophil accumulation ( Figure  4B ), and reduction in size of inflammatory lung lesions ( Figure  4C ). These data together suggest that IL-17 overexpression drives neutrophilic accumulation and mediates exacerbated inflammation during TB. S100 proteins exhibit potent proinflammatory properties (15, 23, 24) , and S100 mRNA is induced by IL-17 treatment in keratinocytes (25) . Furthermore, IL-17 treatment also induced S100A8 Figure 2 . S100A8/A9 expression correlates with active disease and lung inflammation in humans with active tuberculosis (ATB). Formalin-fixed paraffin embedded lung sections from patients with ATB (A) were stained with hematoxylin and eosin or with antibodies specific for S100A8 (red) and MPO (green). Three representative human ATB samples (A) are shown (top, hematoxylin and eosin, original magnification 3100; bottom, 3200). Immunohistochemistry, 4 3 4 mosaic (top, 3200 original magnification; bottom, 3200) (A). S100A8/A9 (B), induced protein-10 (IP-10) (C), and keratinocyte chemoattractant (KC) (D) protein levels were measured in serum collected from healthy control subjects (HC), ATB, latent TB infection (LTBI), and patients with rheumatoid arthritis (RA) using ELISA or Luminex assays. Linear correlation analysis of S100A8/9 protein levels and KC (E), S100A8/ A9 protein levels and neutrophils in peripheral blood (F), and S100A8/A9 levels and lung damage score (G) in HCs (blue triangles), patients with ATB (red triangles), and patients with LTBI (green triangles) was performed using GraphPad Prism (GraphPad Software, Inc., La Jolla, CA). The data points represent the mean (6SD) of values from 15 HCs, 17 ATB, 8 LTBI, and 33 RA patients (B-G). **P < 0.005, ***P < 0.0005. ns ¼ not significant. and A9 mRNA in primary human bronchial epithelial cells (see Figure E4A ). Thus, we hypothesized that during TB, the IL-17-dependent mechanism mediating exacerbated inflammation was through the induction of S100A8/A9 proteins. Although S100A8 and S100A9 mRNA were expressed in low levels within inflammatory lesions of B6 Mtb-infected mice, Ifng 2/2 Mtb-infected lungs expressed higher levels of S100A8 and A9 mRNA, which localized within inflammatory lesions (see Figure E4B ). Gr1 1 cells localized within the inflammatory lesions were the predominant cellular source of S100A8 (see Figure E4C) , and significantly increased S100A8/A9 protein levels were detected in Ifng 2/2 Mtbinfected lungs (see Figures E4C and E4D) . Importantly, increased induction of S100A8 and S100A9 mRNA ( Figure 4D ), their increased localization in the inflammatory lesions (see Figure E5A) , and increased S100A8/A9 protein levels ( Figure 4E Mtb-infected lungs were all reversed on IL-17 neutralization. In addition, IL-17 overproduction in Ifng 2/2 Mtb-infected lungs correlated positively with expression of S100A8/A9 protein ( Figure  4F ). Likewise, IL-17 neutralization decreased the accumulation of S100A8-producing Gr1 1 neutrophils in the inflammatory pulmonary lesions of Ifng 2/2 Mtb-infected lungs ( Figure 4G ). Interestingly, there was no difference in lung bacterial burden between Ifng
2/2
Mtb-infected mice and Ifng 2/2 Mtb-infected mice that received IL-17 neutralizing antibody (see Figure E5B) .
To prove the role of S100A8/A9 in mediating the exacerbated inflammation under conditions of IL-17 overexpression, we treated Mtb-infected B6 mice and S100a9 2/2 mice with IFN-g neutralizing antibodies and monitored disease progression. S100a9 2/2 mice do not express S100A8 protein (13) . IFN-g neutralization in B6 Mtb-infected mice resulted in exacerbated inflammation ( Figures  5A and 5B ) and increased accumulation of S100A8-producing Gr1 1 neutrophils (Figures 5C and 5D ). In contrast, IFN-g neutralization in Mtb-infected S100a9 2/2 mice resulted in loss of lung inflammation ( Figures 5A and 5B ) and reversed neutrophil accumulation ( Figures 5C and 5D ). We obtained similar reversal in lung inflammation (see Figures E6A and E6B ) and neutrophil accumulation (see Figures E6C and E6D ) when S100A9 neutralizing antibodies (26) were delivered to Ifng 2/2 Mtb-infected mice. S100A8/A9 proteins can promote recruitment and infiltration of neutrophils and monocytes (9) by directly inducing proinflammatory chemokine production (10) . Accordingly, alveolar macrophages isolated from S100a9 2/2 mice on exposure to Mtb in vitro Figure 3 . Inflammation in Mycobacterium tuberculosis (Mtb) infected genetically diverse Diversity Outbred (DO) mouse population is associated with increased IL-17 production and S100A8/A9 proteins. (A) Genetically diverse mice from DO strain were aerosol infected with approximately 100 CFU of Mtb H37Rv and on Day 60 postinfection, formalin-fixed paraffin embedded (FFPE) lung sections were stained with hematoxylin and eosin or analyzed by immunofluorescence using antibodies specific for S100A8 (red) and Gr1-1-7/4 (green). FFPE lung sections were also analyzed by immunofluorescence using antibodies specific for B220 (green) and CD3 (red), and the total area occupied by B-cell follicles per lobe quantified using the morphometric tool of the Zeiss Axioplan (Carl Zeiss, Oberkochen, Germany) (4 3 4 mosaic, 3200 original magnification). Lung CFU was determined by plating. Linear correlation analysis between total area occupied by B-cell follicles per lung lobe and bacterial burden (B) and lung IFN-g levels and bacterial burden (C) was performed using GraphPad Prism. A representative image demonstrating absence of B-cell follicles in a mouse exhibiting the highest Mtb bacterial burden and a representative image showing well-formed B-cell follicles in a mouse exhibiting the lowest Mtb burden is also shown (3100 original magnification). Total area occupied by inflammatory lesions per lobe was quantified in the Mtb-infected hematoxylin and eosin-stained FFPE lungs using the morphometric tool of the Zeiss Axioplan microscope. Lung protein levels of keratinocyte chemoattractant (KC) (D), IL-17 (E), and S100A8/A9 proteins (F) were measured and linear regression analysis was determined using GraphPad Prism. The data points represent values from 37 mice (A-F).
produced significantly reduced levels of KC and G-CSF (see Figures E7A and E7B ). In addition, neutrophils isolated from lungs of Mtb-infected Ifng 2/2 mice produced high levels of S100A8/A9 proteins (1344.44 6 782.77 ng/ml) and on exposure to IL-17, induced KC and G-CSF production (see Figures E7C and  E7D ). S100A8/A9 proteins also promote neutrophil chemotaxis and adhesion by enhancing CD11b expression (13, 27, 28) , a molecule critical for lung neutrophil infiltration (29) . CD11b expression on lung neutrophils increased in B6 Mtb-infected mice but did not increase in S100a9 2/2 Mtb-mice mice ( Figure 5E ), and coincided with reduced neutrophil accumulation in S100a9 2/2 Mtbinfected lungs ( Figure 5F ). Interestingly, although IFN-g deficiency increased bacterial burden, absence of S100A8/A9 by itself and under conditions of IFN-g deficiency did not impact lung Mtb bacterial burdens ( Figure 5G ; see Figure E6E ). In addition, alveolar macrophages from B6 and S100a9 2/2 mice similarly controlled Mtb infection in vitro (see Figure E7E) . These data together demonstrate that IL-17 overexpression, through an S100A8/A9-dependent pathway, mediates exacerbated neutrophil recruitment and lung inflammation during TB. However, S100A8/A9 proteins do not participate in protective immunity against Mtb infection.
We also found that lung S100A8/A9 protein levels in chronically Mtb-infected B6 mice decreased on antibiotic treatment ( Figure  6A ). On completion of antibiotic therapy in B6 Mtb-infected Figure 4 . IL-17-dependent induction of S100A8/A9 proteins in Ifng 2/2 Mycobacterium tuberculosis (Mtb)-infected mice mediates lung inflammation. B6, Ifng 2/2 mice were aerosol infected with approximately 100 CFU Mtb H37Rv. Starting at Day 9 postinfection, groups of Ifng 2/2 infected mice received either isotype control antibody (Iso) or IL-17 neutralizing antibody (a2IL-17) (300 mg/mouse every 48 h) and samples for the below described analyses were harvested on Day 30 postinfection. Induction of granulocyte colony-stimulating factor (G-CSF) and keratinocyte chemoattractant (KC) (A) levels were measured in lung homogenates from infected mice. Formalin-fixed paraffin embedded lung sections were stained with rat antimouse Ly6G/Ly6C and rat antimouse Ly6-B.2 antigen to detect pulmonary neutrophils in mice (Gr1-1-7/ 4, green) (B) or underwent hematoxylin and eosin staining (C). The number of Gr1 1 cells per 320 field were counted (B) or average size of inflammatory lesions were quantified using the morphometric tool of the Zeiss Axioplan microscope (C) (3100 original magnification for hematoxylin and eosin images; 3200 original magnification for fluorescent images). Log 10 fold induction of S100A8 or S100A9 mRNA in B6 and different groups of Ifng
Mtb-infected lungs was measured by reverse transcriptase polymerase chain reaction and fold induction in Ifng 2/2 infected lungs over B6 Mtb-infected lungs is shown (D). Protein levels of S100A8/A9 (E) or IL-17 (F) were measured from lung homogenates by ELISA and linear regression analysis was determined using GraphPad Prism. Red triangles, Ifn 2/2 Mtb infected isotype control treated mice; green triangles, Ifng 2/2 Mtb-infected mice treated with IL-17 neutralizing antibody; blue triangles, B6 Mtb-infected mice (F). Formalin-fixed paraffin embedded lung sections from Mtb-infected mice were assayed by immunofluorescence staining for Gr1-1-7/4 (green) and S100A8 (red) (G). The data points represent the mean (6SD) of values from 4-6 mice (A-G). *P < 0.05, **P < 0.005, ***P < 0.0005. One experiment representative of two is shown. mice, Mtb lung burdens increased (30) , and this also coincided with increased lung S100A8/A9 protein levels ( Figure 6A ). Importantly, we found that the high levels of serum S100A8/A9, KC, and IP-10 proteins detected in the patients with ATB also decreased postantibiotic treatment (Figures 6B-6D ). These data together suggest that monitoring S100A8/A9 levels in serum could be a potential surrogate biomarker for TB reactivation.
DISCUSSION
Although granulomas are found in latent and active forms of TB (31), the immunologic differences between a "functional" protective granuloma that limits infection during LTBI, and an inflammatory granuloma not capable of controlling infection during ATB, are just beginning to be addressed (2, 31 ). In the current study, we describe that a dominant feature of the inflammatory granulomas found in lungs of NHPs with ATB and human patients with ATB is the presence of S100-producing neutrophils. In addition, using mouse models of TB, we demonstrate that a pathway by which the neutrophilic inflammation mediates pathology during TB is through the induction of S100A8/A9 proteins. One of the major challenges in current TB control measures is the unavailability of reliable biomarkers that can distinguish between ATB and LTBI in humans. Thus, our work also describes how S100A8/A9 protein expression in serum along with chemokines, such as KC, can be potentially used as surrogate biomarkers to assess lung inflammation and disease severity during TB. Thus, our new "working hypothesis" proposes that a protective TB granuloma formed during LTBI is predominantly organized with lymphoid follicles, where T cells can effectively activate macrophages to control Mtb infection (2) . In contrast, during ATB, we propose that lung granulomas contain fewer protective lymphoid follicles (2), but instead, accumulate S100A8/A9-producing neutrophils, which likely mediate inflammation, pathology, and clinical disease without contributing to protection.
Despite the recent associations of neutrophils with increased susceptibility (4) and inflammation (6) to TB, the molecular mechanisms mediating neutrophil accumulation, inflammation, and resulting pathology have not been well studied. Transmigration of leukocytes to inflammatory sites is dependent on the process of rolling of leukocytes on activated endothelial cell surfaces and is mediated by binding of endothelial selectins to respective ligands on leukocytes. Accordingly, S100A8/A9 proteins have a well-described role in leukocyte migration (32) . For example, Figure 5 . S100A8/A9 proteins mediate exacerbated inflammation during Mycobacterium tuberculosis (Mtb) infection. B6 and S100a9 2/2 mice were infected with approximately 100 CFU Mtb H37Rv. From Day 9 postinfection, B6 and S100a9 2/2 Mtb-infected mice received either isotype (Iso) or IFN-g neutralizing antibody (a2IFN-g) (300 mg/mouse every 48 h) and samples for the analyses below were collected on Day 30 postinfection. Formalin-fixed paraffin embedded lung sections were stained with hematoxylin and eosin (A and B) or analyzed by immunofluorescence using antibodies specific for Gr1-1-7/4 (red) and S100A8 (green) (C and D). Average size of inflammatory lesions (B) was quantified in the Mtb-infected lungs using the morphometric tool of the Zeiss Axioplan microscope or number of Gr1 1 cells per 320 field counted (C) (3100 original magnification for hematoxylin and eosin images; 3200 original magnification for fluorescent images). Single cell suspensions from lungs of Mtb-infected mice were stained with antibodies specific for CD11b and Gr1 and the mean fluorescent intensity (MFI) of CD11b expression (E) and number of lung neutrophils (Gr1 1 CD11b 1 ) determined by flow cytometry (F). Lung bacterial burden in Mtb-infected mice was determined by plating (G). The data points represent the mean (6SD) of values from 4-6 mice (A-G). *P < 0.05, **P < 0.005, ***P < 0.0005. ns ¼ not significant. One experiment representative of two is shown. S100A8/A9 proteins can promote recruitment and infiltration of neutrophils and monocytes (9) by inducing production of both proinflammatory cytokines and chemokines (10) , and mediating neutrophil chemotaxis and adhesion by enhancing CD11b expression (13, 27, 28) . Our study demonstrates that lung pathology mediated as a result of neutrophilic inflammation during TB is S100A8/A9 dependent. Accordingly, in our study, S100a9 2/2 macrophages produced lower levels of KC and G-CSF in vitro on Mtb exposure. Under condition of exacerbated inflammation, S100A8/A9 deficiency also coincided with reduced accumulation of neutrophils in the Mtb-infected lung. Despite this inflammatory role for S100A8/A9 proteins in TB, our data show that S100A8/ A9 proteins have no role in bacterial control, because S100 deficiency both under normal conditions and under conditions of IFN-g deficiency show no defects in bacterial control.
The role for IL-17 in neutrophil recruitment, particularly to mediate host defense and protective immunity against extracellular pathogens, is now well described (21) . In these models, IL-17 drives the induction of G-CSF and neutrophil-attracting chemokines, such as KC, MIP2 to mediate granulopoeisis, and neutrophil recruitment to mucosal sites (21) . However, IL-17 production is dispensable in protective immunity against Mtb (33). However, an inflammatory role for IL-17 during mycobacterial infections has been suggested, where IL-17 overexpression either caused by immune dysregulation (6, 34, 35) or repeated antigenic exposure (36) results in increased neutrophil recruitment and exacerbated inflammation. The exact molecular mechanism by which IL-17 directly, or through the induction of effector molecules, drives this inflammatory phenotype during TB is not known. In this study, we show that the IL-17-dependent induction of S100A8/A9 proteins is one contributing pathway that mediates neutrophil recruitment and associated inflammation. Accordingly, increased expression of IL-17 under conditions of cytokine dysregulation and in models of genetic diversity correlates with increased production of S100A8/A9 proteins and increased disease severity as reflected by increased lung inflammatory granulomas harboring S100-producing neutrophils. The use of newly available genetic resources, such as the DO mice to study the inflammatory and protective immune correlates of TB, allows genetic variability similar to human population to be studied in animal models; however, a limitation of this model is the enormous genetic diversity, which requires larger cohorts to be studied to arrive at conclusions. IL-17 depletion in Ifng 2/2 Mtbinfected mice reverses exacerbated inflammation in the lung and provides formal proof that overexpression of IL-17 mediates exacerbated inflammation during TB. In addition, we demonstrate that IL-17 can induce both S100A8 and S100A9 mRNA in vitro in bronchial epithelial cells and in vivo in the lungs of Mtbinfected mice. Consistent with our findings, IL-17 independently and synergistically with IL-22 can also induce S100 A7, A8, A9 mRNA in human keratinocytes (25) . In addition, during TB, in models of cytokine dysregulation and genetic diversity in mice, our data show an association between the levels of S100A8/A9 proteins detected and the extent of inflammation within the lung during TB. Importantly, S100A8/A9 levels in serum correlate with the number of neutrophils, levels of neutrophils-attracting chemokines, such as KC, and the extent of lung inflammation in human patients with ATB. Our current data also support human studies where IL-17 expression is elevated in patients with ATB, and thought to be associated with higher antigen load (37, 38) . In contrast, other studies have shown increased IL-17 production in patients with LTBI (39, 40) and HC (40, 41) , or no increases in IL-17 levels, even at disease sites (42) . These discrepancies may well be associated with inherent differences in the type of antigen used, and the duration of the in vitro assays, and future studies will no doubt need to further address this. It is also plausible that the S100A8/A9 pathway described in this study is also involved in other inflammatory diseases, such as inflammatory bowel disease (43), RA (16), psoriasis (44) , and cystic fibrosis (45) , all diseases where both S100A8/A9 proteins and IL-17 have been implicated in disease progression and pathology (21) .
In summary, we demonstrate a dominant inflammatory role for S100A8/A9 proteins in mediating neutrophil accumulation and associated pathology during ATB. In addition, our data suggest that levels of S100A8/A9 proteins, along with chemokines, such as KC, can be potentially used as surrogate markers of lung inflammation during TB, and support the idea of a neutrophildriven blood transcriptional signature recently identified in patients with ATB (7) . We also propose that S100A8/A9 levels in serum can be monitored to track early reactivation of active disease in patients with LTBI within TB-endemic areas, and in potentially high-risk populations. Because the immune pathology caused by inflammation during TB is associated with higher mortality (3), targeting specific molecules, such as S100A8/A9, has the potential to decrease lung tissue damage without impacting protective immunity against TB. . S100A8/A9 protein levels decrease with Mycobacterium tuberculosis clearance and are surrogate indicators of tuberculosis (TB) reactivation. (A) S100A8/A9 lung protein levels in mice left untreated (Un), M. tuberculosis infected before antibiotic therapy (BT) or treated with antibiotic therapy (PT), or allowed to reactivate (TB-R) was determined by ELISA (n ¼ 4-5). Serum S100A8/A9 proteins (B), keratinocyte chemoattractant (KC) (C), and induced protein-10 (IP-10) (D) levels in patients with ATB before treatment (BT) with antibiotics, or post-treatment (PT) was determined in the samples from India. The data points represent the mean (6SD) of values from 20 patients with ATB (B-D). *P < 0.05, **P < 0.005, ***P < 0.0005. ns ¼ not significant.
